The skin forms a life-sustaining barrier between the organism and the physical environment. The physical barrier of the skin is mainly comprised of the stratum corneum (SC) and tight junctions (TJs). In recent years, there have been significant advances in our understanding of the epidermal TJ function, composition and regulation. In contrast to the SC, TJs are highly dynamic structures. It was discovered that spatiotemporal regulation of dynamic TJ replacement from cell to cell maintains the TJ barrier homeostasis of the skin, despite continuous cellular turnover. This review summarizes current knowledge about how TJ barrier homeostasis is maintained in simple and stratified epithelia, and how diseases and other conditions affect the TJ barrier in the skin.
| INTRODUC TI ON
The skin is the outermost organ of the body and provides a vital interface between the body and the external environment. [1, 2] In mammalian skin, the epidermis has two sets of physical barriers, the stratum corneum (SC) and tight junctions (TJs). Together with each other, these two barriers prevent the outside-in penetration of external antigens or the inside-out leakage of internal constituents. [3] In single-layered (simple) epithelia, TJs are located at the most apical part of the lateral cell-cell contacts between epithelial cells. [4] The plasma membrane is divided at the TJs into two parts, involving the apical membrane and basolateral membrane. [4] TJs are responsible for sealing the intercellular space between epithelial cells to form a functional barrier that regulates the molecular movement through a paracellular pathway. [5, 6] In multilayered (stratified) epithelia, it has been reported that keratinocytes at the second layer of the stratum granulosum (SG) are sealed together by functional TJs in both normal human epidermis [7] and mouse epidermis. [8] The structural complexity of the epidermis and the technical limitations in visualizing the three-dimensional structure of the epidermis has delayed detailed analysis of the TJ barrier in the skin.
However, recent progress has unveiled how TJs function and how they are regulated in the skin. In this review, we discuss how the TJ barrier is maintained in the epidermis, in comparison with simple epithelia, and summarize diseases that affect the TJ barrier of the skin.
| S TRUC TURE OF TI G HT J UN C TI ON S
Tight junctions (TJs) are specific cell-cell junctions sealing the intercellular space, which usually occur between epithelial or endothelial cells. [6] The cell membrane is divided into the apical and basolateral membrane at the TJs. [9] The TJs consist of TJ strands, which are mainly comprised of four-transmembrane claudin proteins on the plasma membrane. Claudins are located in a line and are laterally associated with each other to form TJ strands. [10] TJ strands on opposing plasma membranes of adjacent cells are associated with each other to form paired TJ strands. [11, 12] Paired TJ strands form a zip lock between the plasma membrane of adjacent cells, thereby forming a barrier against molecular movement through the paracellular pathway. [10, 13] Other major molecular components of TJs are the transmembrane proteins of occludin, JAM-A, tricellulin and angulins, and the intracellular scaffold proteins of ZO-1, ZO-2 and ZO-3. [14] [15] [16] TJs do not simply form an impermeable paracellular barrier but also serve as ion-and size-selective paracellular channels that vary the selectivity, depending on the cell type and the composition of their structural adhesive molecules. [4, 15, 17] 
| THE ROLE OF TJS IN THE S K IN BARRIER SYS TEM
The SC has received a great deal of attention as a barrier of the skin.
TJs have not been thought to play an important role in the barrier function of the mammalian epidermis for decades, although several pioneering studies have suggested the existence of TJs in the mammalian epidermis. [18] [19] [20] [21] [22] Claudin-1-deficient mice provided the first evidence that continuous claudin-based TJs occur in the epidermis and that these TJs are crucial for the barrier function of mammalian skin. [8] Since then, numerous discoveries have supported the importance of TJs in epidermal barrier function. [23] [24] [25] [26] [27] [28] [29] [30] As shown in Figure 1A , the viable (nucleated) cell layers of the stratified epithelia consist of the stratum basale (basal cell layer), stratum spinosum (spinous cell layer) and SG (granular cell layer). The SG consists of at least three layers of flattened granular cells named SG1-SG3. [31] [32] [33] [34] from outside to inside. Immunofluorescence and paracellular permeation studies of normal human trunk skin, mouse ear, abdominal skin and back skin revealed that only a single layer of cells, the SG2 cell layer, is equipped with TJs that limits paracellular molecular movement and divides cell membrane into apical and basolateral membrane. [4, 7, 25, 35] In the immunofluorescent studies using vertical sections of the skin, TJ-forming cell should be determined by the combination of three characteristics shown below. [7] One is the localization of ZO-1 or occludin at the apical edge of the lateral cell-cell contact. Second is that the apical edge limits paracellular molecular movement, and third is the apico-basolateral plasma membrane polarity that is divided at the apical edge. Without the latter two characteristics, one can easily misunderstand adherens junctions as TJs. For example, there are several layers of cells that show apical edge restricted localization of ZO-1 in human epidermis; however, only a single layer of cells shows apico-basolateral cell membrane polarity, which is the layer that restricts paracellular molecular movement. [7] The SC consists of dead, cornified cells (corneocytes) and func- There are substantial data implicating that TJ barrier leakage influences SC barrier formation. The SC barrier is impaired in the skin equivalents with the disrupted TJ barrier induced by Clostridium perfringens enterotoxin. [36] The SC of claudin-1-deficient mice shows abnormal corneocyte morphologies and functional abnormalities. [24] Claudin-1-deficient mice show size-dependent TJ barrier leakage; the TJs are permeated by 556, 1469 and ~5000 Da tracers, but not ~30 kDa protein molecules. Similar size-dependent TJ barrier leakage was observed in epidermal TJs of the chronic dermatitis mouse model induced by topical dinitrochlorobenzene application, which also showed morphologically aberrant SC. [37] Langerhans cells (LCs) are a unique subset of skin dendritic cells that form a network within the epidermis underneath TJs ( Figure 1A ). 
| MAINTENAN CE OF TJ BARRIER HOMEOS TA S IS DURING EPITHELIAL CELL TURNOVER
In simple epithelia, the number of constituent cells is kept constant by the balance between cell proliferation in the epithelia and cell extrusion from the epithelia. [41] For example, in mammalian gut epithelia, cell divisions occur in the crypt where stem cells produce progenitors. Cells then migrate along the lateral side of villi, reach the tip and are extruded. [42] Humans lose approximately half a pound of cells into the intestinal lumen every 24 hours. [43] In the epidermis, cell proliferation in the basal layer of the skin is balanced with cell loss of terminally differentiated cells from the skin surface [44] ; humans lose approximately 40 000 000 skin cells every 24 hours. [45, 46] In both simple and stratified epithelia, biological and biophysical mechanisms have evolved to extrude cells from the epithelia while maintaining its barrier. [34, 47, 48] Because both simple and stratified epithelia are equipped with a single layer of TJs, the key issue is how to maintain the TJ barrier during the extrusion of constituent cells that contain TJs. Here, we review recent studies describing how simple and stratified epithelia slough cells without disrupting the TJ barrier.
| Cell turnover in simple epithelia
Simple epithelia show an intriguing ability to remove apoptotic cells without obvious loss of either morphological confluency or TJ barriers. Cell extrusion is triggered by apoptotic cells via signalling to adjacent cells to induce the formation of an actomyosin-dependent contraction ring that squeezes the apoptotic cells for their removal. [49] [50] [51] Electron microscopic studies have suggested that the TJ configuration is altered during cell extrusion; the TJs are rearranged beneath extruding cells to maintain an epithelial barrier function by connecting the adjacent cells surrounding the extruded cell. [52] Based on a morphological study of rat jejunal epithelia, Madara proposed a model of cell extrusion and TJ rearrangement in simple epithelia. [53] As shown in Figure 2A , the extruding cell initially becomes rounded, and the formation of new TJ strands begins on the basolateral membrane. As the extruding cell is lifted to the lumen, the TJ strands on the cell sweep along the periphery, maintaining contact with adjacent cells and with the TJ barrier integrity.
Simultaneously, adjacent cells extend basal processes to contact each other by closing the space vacated by the extruding cell, to form a new TJ barrier. [53] Figure 2B shows the reorganization of TJs during cell extrusion in Madin-Darby canine kidney cell monolayers monitored by time-lapse imaging using confocal microscopy. [54] Multicellular, funnel-like rearrangement of TJs during cell extrusion was observationally confirmed using this methodology.
[54]
| Cell turnover in stratified epithelia
The mammalian epidermis consists of keratinocytes that proliferate only in the basal layer and move upwards to form, sequentially, stratum spinosum, SG and SC, and finally shed from the top layer of the SC. During the course of its upward movement, a keratinocyte becomes flattened at the SG, forms TJs with adjacent cells in the SG2 layer (the second cell layer of the SG), loses its TJs in the SG1 layer (the top layer of the SG) and is finally cornified to form the SC [7] ( Figure 3A) . It was unclear how the TJ barrier is maintained while TJbearing keratinocytes lose TJs and differentiate into corneocytes.
Our group recently addressed this paradox by examining the cell shape of TJ-bearing SG2 cells.
Classic scanning electron microscopic studies of skin surface corneocytes in the murine ear, and a recent immunofluorescent microscopic study of the TJ-bearing granular layer cells of the murine ear, revealed that the basic shape of the cell is a flattened variation of Kelvin's tetrakaidecahedron in the SC and SG ( Figure 3A , left panel). [34, 55, 56] As shown in the right panel of Figure 3A , methylene blue-stained alkaline-treated frozen sections of hamster epidermis show regular interdigitation patterns of the corneocytes, [32] which is consistent with the regular interdigitated stacking of flattened Kelvin's tetrakaidecahedron cells ( Figure 3B ). Kelvin's tetrakaidecahedron is a 14-faced polyhedron, with six square faces and eight hexagonal faces ( Figure 3B ), proposed by Lord Kelvin in 1887 as the best shape for filling space. [57] Computational simulation and in vivo imaging studies speculated that this regular structure is formed at the SG by transformation of the three-dimensional shape of cells supplied from the spinous layer. [58] [59] [60] Only a single layer of cells (SG2 layer cells)
forms TJs at the apical edges of lateral cell-cell contacts. Therefore, TJs are formed at the edges of flattened tetrakaidecahedron cells ( Figure 3C ).
In this tetrakaidecahedron cell model, cell turnover occurs at the cell column where a SG2 cell locates at a higher z-axis position than any of its adjacent SG2 cells. Beneath the SG2 cell that will be replaced, a new SG2 cell is differentiated to form new TJs. As shown in Figure 3D , and desmosomal cell-cell adhesions during cell turnover, which may be responsible for the physical strength of the epidermis. [34] When compared to the rodent ear skin, human stratum corneum shows much random order of cell stacking, while partial vertical alignment of cells has been observed. [61] The polyhedral shape of TJ-forming cells is looked more variegated in human than rodents. [7] Nonetheless, the basic characteristics of the TJ barrier, only a single layer of cells shows both occlusive function and apico-basolateral cell membrane polarity, are identical between rodents and human. [7] While further studies are needed to verify the tetrakaidecahedron cell model, the basic mechanisms to limit TJ barrier leakage by the temporal duplication of TJ barrier at the cell turnover site are expected common between human and rodents.
The molecular mechanisms that restrict TJ-forming activity to the SG2 cell layer in the epidermis, and the manner in which the tetrakaidecahedron cell shape is produced, are currently unknown.
One potential mechanism is junctional tension disequilibrium created by the differential distribution of adherence junctions (AJs) and desmosomes in SG2 cells. [62] The formation of apical TJs along with high tension AJs and extended F-actin organization might collectively drive the changes of cell shape, resulting in the formation of shapes similar to Kelvin's tetrakaidecahedron in the SG2 layer.
[63]
| D IS E A S E S AND OTHER COND ITI ON S THAT AFFEC T TJ BARRIER HOMEOS TA S IS IN THE S K IN
As previously mentioned, TJ barrier homeostasis in the epidermis is regulated and maintained in healthy skin. However, the TJ barrier has been reported to be altered in several skin diseases, as well as when the skin is challenged from the outside.
| Neonatal ichthyosis-sclerosing cholangitis (NISCH) syndrome
Neonatal ichthyosis-sclerosing cholangitis, or NISCH syndrome, is a rare autosomal recessive disorder. To date, only 15 patients have been identified. [64] [65] [66] [67] [68] The patients exhibit a complete loss of claudin-1 because of a gene mutation. Besides sclerosing cholangitis, NISCH syndrome is characterized by a skin phenotype comprising vulgar type ichthyosis. Associated clinical features include hypotrichosis and scarring alopecia of the scalp, hypodontia and enamel hypoplasia.
Although the detailed mechanism of this syndrome is not yet understood, the major symptoms of the syndrome, namely sclerosing cholangitis and ichthyosis, appear to be related to the lack of claudin-1 expression in the liver and skin. [69] In the liver, claudin-1 is a component of TJs that seal the intercellular space of the bile canaliculi, through which the bile acid flows, suggesting that leakage of bile acids damages the tissue. [8, 69] In the skin, claudin-1 is a major component of the epidermal TJ. In claudin-1 knockout mice, epidermal TJ dysfunction, abnormal SC formation and SC barrier defects have been reported. [8, 24] Claudin-1 knockdown mice show an ichthyosis-like phenotype, including dry and scaly skin and thickening of the SC.
[70]
| Skin infections
Although mammals have evolved epithelial barriers to block the penetration of microorganisms, certain pathogens have evolved to disrupt the epithelial barrier via altering the TJs. Several pathogens are known to use TJ proteins as receptors for their attachment and subsequent internalization. Others are known to destroy TJs directly [71] or via inflammatory cascades to provide a gateway to the underlying tissue. [72] Staphylococcus aureus (S. aureus) is a widespread cutaneous pathogen responsible for the majority of bacterial skin infections in humans. [73] In human skin diagnosed with impetigo contagiosa, TJ proteins including ZO-1, occludin and claudin-1 are downregulated at the infected sites. [74] In cultured normal human epidermal keratinocytes, which are induced to differentiate by increasing the calcium concentration, after 15 h of inoculation with S. aureus on the surface, there was a significant decrease in transepithelial electrical resistance accompanied by increased tracer permeability. [75] In the three-dimensional reconstructed human epidermis, long-term inoculation of S. aureus resulted in the decrease in claudin-1 and claudin-4 at cell membranes, as well as increased tracer permeability.
Keratinocytes express pattern recognition receptors including TLR2, which recognizes lipoproteins and lipoteichoic acid of S. aureus. The TLR2 signal leads to the activation of nuclear factor-κB and other transcription factors that induce transcription of proinflammatory mediators (cytokines, chemokines and adhesion molecules). [76] Because skin inflammation has been shown to induce leakage of the TJ barrier in mice, [37] host inflammatory responses against S. aureus [81]
| Atopic dermatitis
Atopic dermatitis (AD) is a chronic relapsing eczematous skin disorder that is frequently associated with elevated serum IgE levels and a family history of AD, allergic rhinitis or asthma. [82] AD is a multifactorial disease associated with epidermal barrier disorders, immune dysregulation, dysbiosis of skin microbiota and various environmental factors. [83, 84] Recent studies of filaggrin deficiency [85] [86] [87] have suggested that impairment of the SC barrier predisposes patients to AD via increased percutaneous sensitization. [3, 31] In the "impaired SC barrier model" of AD, it is postulated that the external antigens that penetrate the SC are taken up by skin dendritic cells for antigen presentation to the immune system. [88] The association of TJs in the aetiology of AD is still controversial.
One report showed reduced expressions of claudin-1 and claudin-23 in nonlesional skin of AD [89] ; however, another report showed no significant decrease in claudin-1 but upregulation of claudin-4 expression in nonlesional skin. [90] In lesional skin of AD, downregulation of claudin-1 has been reported. [90] An association of CLDN1 SNPs with AD was reported in European American and African American patients. [89] A significant correlation between CLDN1 SNPs and AD in a Korean study of a hospital-based study group [91] and a significant correlation between a CLDN1 SNP and the onset of AD before the age of 5 years in an Ethiopian cohort were also reported. [92] Contrary to these reports, a Danish cohort study showed no significant correlation between CLDN1 SNPs and AD. [93] Although there is no clear consensus on whether impaired TJ barrier function is a cause or consequence in AD, the pathology of AD is a vicious cycle between disrupted physical skin barrier and skin inflammation. Once dermatitis occurs, skin inflammation induces TJ leakiness. Together with reports demonstrating that the SC barrier is impaired by TJ barrier dysfunction, [23, 24] dermatitis is speculated to impair the SC barrier via TJ barrier leakage and disturbed differentiation of keratinocytes, which facilitates percutaneous sensitization and triggers a vicious cycle between barrier deficiencies and skin inflammation. [37, 94] This process could contribute to the chronic inflammation of AD.
| UV radiation
Ultraviolet (UV) radiation present in sunlight is an environmental human carcinogen. The toxic effects of UV are a major concern for human health. The major acute effects of UV irradiation on normal human skin include inflammation, local or systemic immunosuppression, and DNA damage. [95] The exact mechanism by which UV modulates inflammation and immunity is not completely understood. UV-induced DNA damage, [95] together with the production of oxidized lipids and the release of immune-modulating cytokines (particularly prostaglandin E2, IL-4 and IL-10), plays important roles. [96, 97] UV irradiation has been shown to have a negative impact on the TJ barrier of the skin, yet it remains unclear whether it is caused by a direct effect on TJ proteins or indirectly through inflammation. Normal human epidermal keratinocytes irradiated with UVB radiation show fragmented distribution of claudin-1, claudin-4 and occludin on cell membranes. [29] In the murine epidermis, claudin-1 expression in the epidermis was significantly decreased following UVA irradiation. Similar results were observed in mouse skin exposed to UVB. [98] In vivo epidermal permeability assays using a biotinylation reagent revealed that TJ barrier function was perturbed by UVB irradiation, and a biotinylation tracer permeated the SG of hairless mouse epidermis 3-5 days after irradiation. [99] The lanthanum diffusion assay conducted on the hairless mouse skin 48 h after UVB irradiation showed that lanthanum passed through the SG and reached the SC, suggesting that the TJ barrier had been impaired. [100] Biotinylation reagent permeability assays conducted on human skin xenografts and human skin equivalents also revealed TJ barrier impairment caused by UVB irradiation. [29] These findings suggested that UV irradiation induces epidermal TJ barrier leakage via suppression of TJ formation or downregulation of TJ protein, which may result in temporal formation of abnormal SC.
| CON CLUS IONS
This review described how TJ barrier homeostasis is maintained in simple and stratified epithelia, and summarized diseases and other conditions that affect the TJ barrier in the skin. When considering the pathogenesis of various skin diseases, it is important to consider that inflammation can induce TJ barrier leakage in the epidermis, which affects the SC barrier formation. Future studies will provide fundamental information on how the skin barrier and skin immune system interact together to maintain the homeostasis of the skin, which will help to develop novel strategies for the prevention and treatment of various diseases, including allergic, infectious and inflammatory skin diseases.
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